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Proton transferThree different cholesterol derivatives and phloretin, known to affect the local electric ﬁeld in phospholipid
membranes, have been introduced into Rhodobacter sphaeroides reaction centre-containing phospholipid
liposomes. We show that cholesterol and 6-ketocholestanol signiﬁcantly slow down the interquinone ﬁrst
electron transfer (∼10 times), whereas phloretin and 5-cholesten-3β-ol-7-one leave the kinetics essentially
unchanged. Interestingly, the two former compounds have been shown to increase the dipole potential,
whereas the two latter decrease it. We also measured in isolated RCs the rates of the electron and proton
transfers at the ﬁrst ﬂash. Over the pH range 7–10.5 both reactions display biphasic behaviors with nearly
superimposable rates and amplitudes, suggesting that the gating process limiting the ﬁrst electron transfer is
indeed the coupled proton entry. We therefore interpret the effects of cholesterol and 6-ketocholestanol as
due to dipole concentration producing an increased free energy barrier for protons to enter the protein
perpendicular to the membrane. We also report for the ﬁrst time in R. sphaeroides RCs, at room temperature,
a biphasicity of the P+QA
− charge recombination, induced by the presence of cholesterol derivatives in
proteoliposomes. We propose that these molecules decrease the equilibration time between two RC
conformations, therefore revealing their presence.© 2009 Elsevier B.V. All rights reserved.1. IntroductionBacterial reaction centres (RC) convert light excitation energy
into chemical free energy. This is accomplished inside the
intracytoplasmic phospholipid membrane of photosynthetic bacteria
in which these proteins are embedded. Following the absorption of
a photon or after the capture of an excitation coming from antenna
proteins present in the membrane, the primary electron donor, P, a
dimer of bacteriochlorophylls becomes a strong reducer in its singlet
excited state P⁎ (midpoint redox potential E'0 P⁎/P+ ∼−0.9 V). P is
situated on the periplasmic side of the protein. An electron transfer
chain is then initiated, resulting in about 200 ps in the semi-
reduction of the ﬁrst quinone acceptor, QA (QA−), situated on the
cytoplasmic side of the RC. Therefore, a transmembrane charge
separation state (P+QA−) is created. Further electron transfer
between QA− and QB, the second quinone acceptor (about 18 ÅT, electron transfer; LDAO, N,N′
onor, a non-covalently linked
ndary quinones; R., Rhodobac-
ction centre; Tris, 2-Amino-2-
dimethoxy-5-methyl-6-hexai-
.
ll rights reserved.from QA), is achieved in ∼100–200 μs [1–8], parallel to the
membrane. In vivo, P+ is re-reduced by endogenous cytochrome
c2 in a few μs. P can thus be re-excited, ﬁnally leading to the double
reduction and double protonation of QB to form the dihydroquinone
QBH2. QA and QB are both ubiquinone10 but because of their
different respective protein environments they differ in their
functional and energetic properties. QA is never protonated, in
contrast to QB, and the P+QB− state is stabilized by about 60 meV
relative to P+QA− at neutral pH. In vitro, in the absence of
cytochrome c2, at neutral pH, the P+QA− and P+QB− states decay
by charge recombination in ∼100 ms and ∼1 s, respectively. P+QA−
decays (with a rate constant kAP) by a tunnelling effect to the
ground state whereas the P+QB− state (which is in thermal
equilibrium with P+QA−) decays (with a rate constant kBP) through
repopulating P+QA−. In isolated RC re-suspended in detergent or in
phospholipid bilayers, the formation of either semiquinone species,
QA− or QB− results in pKa shifts of residues in the cytoplasmic region
leading to substoichiometric uptake of protons [9–13]. The way that
these protons are taken up by the protein is still a matter of debate.
Some authors have proposed very speciﬁc and unique pathways for
protons to enter the protein and to be stored (at the ﬁrst ﬂash) and
transferred (via L210Asp, M17Asp, L212Glu, L213Asp, L223Ser and
water molecules) to the QB species at the second ﬂash [2,6,14,15].
Other authors have instead proposed a more delocalised proton
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cytoplasmic region with multi-entry for protons [11,16]. In the latter
case, the H-bond network would involve water molecules and
residues extending from L210Asp, M17Asp, L209Pro in the QB region
to M249A in the QA region viaM266H, M234E as Fe ligands. The latter
hypothesis has recently been strengthened by high resolution RC
structure determination suggesting the possibility of protons using
different entry points [17]. A recent work achieved by analysis of
amino acid conservation and hydrogen bond network have suggested
that the proton transfer to QB is not mediated by distinct pathways but
by a large hydrogen bond network like a proton sponge [18].Whatever
the hypothesis, it is accepted that the ﬁrst electron transfer is rate-
limited by a gating process which might involve conformational
rearrangement of the proton distribution, of internal water molecules
as well as extended hydrogen bond networks.
In isolated RCs, the kinetics of the ﬁrst electron transfer have been
shown to be biphasic with a fast phase of ∼50–80 μs and a slow phase
of ∼300–900 μs [1,3,4]. The origin of these phases has not yet been
clearly assigned. In Rhodobacter (R.) sphaeroides RCs, the P+QA− charge
recombination process decays as an exponential (∼100 ms) whereas
when the native QA is replaced by a low potential quinone such as an
anthraquinone (AQ) of lower in vivo redox potential, the charge
recombination decay is much accelerated (∼ few ms time range) and
becomes biphasic [19]. The hypothesis of a pre-existent equilibrium in
the dark, between two RC conformational states has been proposed to
account for these observations [19–21]. In wild type Blastochloris (B.)
viridis RCs where the native QA is a menaquinone, the P+QA−
recombination proceeds in few ms and is also biphasic [21]. In the
last two examples, P+QA− no longer decays directly to the ground state
but instead via a thermally activated state which is a relaxed state of
the P+H− charge separated state (H being the bacteriopheophytin
intermediate electron acceptor) [22]. Neither the origin of the putative
existence of two reaction centre conformations nor their role has yet
been elucidated. However, it has been stressed that several physico-
chemical parameters such as temperature, lipid membrane rigidity
and pH, affect the distribution of these two conformations [20,23,24].
In vivo the RCs are embedded in themembrane of chromatophores,
the intracytoplasmic membrane of photosynthetic bacteria. ThisFig. 1. Chemical structures of the electric ﬁeld mmembrane is essentially composed of phospholipids. During their
functioning and due to the phosphate head groups of the lipids, the
RCs are experiencing electric ﬁelds modulated by their surrounding
environment. The dipole potential, ψd, originates from the alignment
of the lipid and water dipoles at the interface of the lipid polar region
and the water bulk. ψd is, thus, generated inside the bilayer. This
electrical potential (∼300–400 mV) results in a huge electrical ﬁeld
within the membrane. It has recently been proposed that ψd affects
very different aspects of membrane protein functioning. Amongst
them (and not exhaustively) are the conductance of the gramicidin
channel [25,27–30], membrane insertion and folding of amphiphilic
peptides [31] and anesthetics [32] membrane fusion [33,34], the
kinetics of redox reactions at membrane surfaces [26], skin perme-
ability [37] and the activity of the Na+,K+-ATPase [38,40].
It was demonstrated earlier that ψd can be modulated by the
presence of cholesterol and its derivatives in the phospholipid
membrane [41,42].
Different hypotheses have been proposed to account for this effect.
It was initially suggested that it may arise from a change in the
orientation and packing density of molecules at themembrane surface
[41]. Alternatively, a cholesterol-induced reorganization of interfacial
water was also proposed [42]. More recently a combined experi-
mental/theoretical approach suggested that the magnitude of the
effect could be accounted for the sterol dipole perpendicular to the
membrane and also for the sterol-induced changes of lipid packing,
modifying the density of dipoles in the membrane as well as water
penetration [35].
In order to probe the effect of local ψd on the redox function of the
RC, we have reconstituted RC proteins in phosphatidylcholine
liposomes and varied ψd by introducing known ψd modiﬁers in the
membranes. We have used cholesterol, 6-ketocholestanol, 5-choles-
ten-3β-ol-7-one and phloretin since their respective quantitative
effects on ψd have been recently evaluated [35,36,39]. Fig. 1 represents
the chemical structure of thesemolecules.Whereas 6-ketocholestanol
and cholesterol increase ψd, 5-cholesten-3β-ol-7-one and phloretin
decrease it [35,39].
We show that modulating the local ψd with dipole potential
modiﬁers signiﬁcantly affects the ﬁrst electron transfer processodiﬁers that were used in the present work.
Fig. 2. Transmission electron micrograph of proteoliposomes containing RCs and 20% of
cholesterol. This analysis was performed with a JEOL JEM 100CXII transmission electron
microscope at an accelerating voltage of 100 kV. Drops of the solutions were deposited
on carbon-coated copper grids (and dried under N2 ﬂow). Note the random distribution
of the RCs (∅ ∼50 Å).
Fig. 3. First electron transfer kinetics from QA− to QB measured at 750 nm in isolated RCs
in detergent (black), in PCPL (blue), in the presence of cholesterol (red) and 6-
ketocholestanol (olive). These curves represent the average of 32 traces for isolated RCs
(∼1 μM) and 128 for the RCs (∼0.3 μM) reconstituted in vesicles. Conditions: The
isolated RCs were suspended in 0.03% LDAO, 100 mM NaCl, 10 mM Tris–HCl pH 7.8. The
lipid reconstituted samples, same conditions except no detergent.
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also demonstrate that the equilibrium between two previously
proposed reaction centre populations is also affected. Possible
interpretations of these observations are proposed.
2. Material and methods
RCs from R. sphaeroideswere puriﬁed as previously described [43].
Quinone depleted RCs were prepared as initially described by
Okamura et al. [44] with some modiﬁcations [45].
ET measurements were achieved using a home-made absorbance
change spectrophotometer [46]. The P+QA−, P+QB− and P+AQA− (in the
WT RC QA is a ubiquinone; AQA stands for anthraquinone replacing the
native QA) charge recombination kinetics were measured at 430 nm,
following the absorbance changes of the P+/P species. The QA−→QB
ﬁrst electron transfer kinetics were measured at 750 nm in the
electrochromic shift band of the bacteriopheophytins. Some points
(Fig. 5) were also measured at 460 nm in the semiquinone absorption
bands.
For the pH dependence experiments of ET, we used the following
buffers (10 mM): 2-(N-morpholino)-ethanesulfonic acid (MES;
Sigma) between pH 5.5 and pH 6.5; 1,3-bis[tris(hydroxymethyl)
methylamino]propane] (Bis-Tris propane; Sigma) between pH 6.3 and
pH 9.5; Tris–HCl (Sigma) between pH 7.5 and pH 9.0; 3-(cyclohex-
ylamino) propanesulfonic acid (CAPS; Calbiochem) above pH 9.5.
For proton transfer kinetics experiments, the RCs were extensively
dialyzed against 50 mM NaCl, 0.03% Triton X-100 over 36 h at 4 °C.
Under these conditions, the Tris buffer concentration was decreased
below 10 μM. The proton uptake by the RCs (∼2 μM)was measured by
following the absorption changes at 585 nm of various pH-sensitive
dyes after a saturating laser ﬂash. 20 μM bromocresol purple, o-cresol
red or o-cresol-phthaleine was used, depending on the pH region
investigated. The signal was corrected by subtracting the response
obtained under the same conditions after the addition of the
appropriate buffer to the sample.
Reconstitution of puriﬁed RCs into phosphatidylcholine liposomes
containing cholesterol and derivatives: 50 mg of phosphatidylcholinefrom egg yolk (Sigma) was dissolved in ethanol or chloroform and
mixed with 20 mol% of either cholesterol, 6-ketocholestanol, 5-
cholesten-3β-ol-7-one or phloretin (Sigma). The solution was dried
using a rotary evaporator, leaving a dry lipid ﬁlm in the bottom of the
vial. The lipid ﬁlm was re-suspended in a 10 mM Tris–HCl, 100 mM
NaCl, 0.1 mM EDTA pH 8 buffer to obtain a 50 mg/ml ﬁnal lipid
concentration. Themixture was placed on ice and under nitrogen ﬂow
to avoid lipid oxidation and sonicated for 15–25 min using a micro tip
(3 pulses at 50 Hz). A centrifugationwas performed at 40,000 g at 4 °C
for 2 h to eliminate multilamellar vesicles. Finally, a 60 μM reaction
centre suspension (in LDAO)was added dropwise to the lipid solution,
mixing with a vortex, to a pre-determined weight ratio of lipid/
protein of three. 25 μM UQ6 was added to the proteoliposomes
suspension in order to maintain a quinone pool in the membranes.
Proteoliposomes were puriﬁed from remaining detergent, mixed
micelles detergent/lipids and not reconstituted RCs on a Sepharose
CL-4B.
Transmission electron microscopy (TEM) observations were
performed with a JEOL JEM 100CXII transmission electron microscope
at an accelerating voltage of 100 kV. Drops of the solutions were
deposited on carbon-coated copper grids (and dried under N2 ﬂow).
3. Results
3.1. Electron microscopy
A typical RC proteoliposome containing 20 mol% cholesterol is
presented in Fig. 2. The black spots (∅ ∼50–100 Å) represent the RC
proteins. It can be seen that although the protein concentration is
quite high, there is no segregation of the complexes which are
randomly distributed all over the vesicle membrane surface. In that
context one may expect protein–protein interactions to be negligible
in comparison to the lipid environment and local electric ﬁeld effects.
We shall provide further support for this statement later.
3.2. Kinetic and thermodynamic parameters of the ﬁrst electron transfer
between the two quinones
The decay kinetics of the ﬁrst electron transfer (τAB(1)=1/kAB(1),
kAB(1) being the ﬁrst order rate constant for the QA−QB→QAQB−
electron transfer process) in the WT RCs, isolated in detergent,
Table 2
Activation parameters for the ﬁrst (derived from the Eyring plots of Fig. 4) electron
transfer in RCs reconstituted in PCPL with different cholesterol derivatives, measured at
750 nm, 20 °C at pH 8.0.
Type of samples ΔH‡
(kJ/mol)
−TΔS‡
(kJ/mol)
ΔG‡
(kJ/mol) (±1)
Isolated RCs Fast 4.01 −36.24 40.25
Slow 32.74 −11.27 44.00
PCPL Fast 27.42 21.75 49.17
Slow 39.01 14.30 53.31
PCPL+cholesterol Fast 56.91 −5.20 51.71
Slow 26.14 32.78 58.92
PCPL+phloretin 44.28 7.45 51.73
PCPL+6 ketocholestanol Fast 8.71 44.40 53.11
Slow 52.25 5.87 58.12
PCPL+5-cholesten-3β-ol-7-one 24.99 28.61 53.60
These values are deduced by ﬁtting the data of Fig. 4 by the Eyring equation:
kAB(1)=kBT/h×exp[(ΔS‡/R)−(ΔH‡/RT)].
Table 1
Decay lifetimes and associated phase amplitudes of the ﬁrst electron transfer process
measured at 750 nm.
Decay lifetimes Relative amplitudes
(± 10%)
Effect on ψd [35]
Isolated RCs Fast 85±10 μs 80%
Slow 450±50 μs 20%
PCPL Fast 87±10 μs 63% 300 mV
Slow 660±50 μs 37%
PCPL+cholesterol Fast 350±20 μs 31% Increase
Slow 2400±200 μs 69%
PCPL+phloretin 213±20 μs 100% Decrease
PCPL+6
ketocholestanol
Fast 490±100 μs 50% Increase
Slow 4400±400 μs 50%
PCPL+5-cholesten-3β-
ol-7-one
434±50 μs 100% Decrease
pH 7.8, T=20 °C.
Fig. 4. Erying plots of kAB(1), the ﬁrst electron transfer rates in the isolated RCs, in PCPL
and in the presence of the various electric ﬁeld modiﬁers. The open and closed squares
relate to the fast and slow phases, respectively. The activation parameters derived from
these plots are presented in Table 2. Conditions: 100 mM NaCl, Tris–HCl 10 mM, pH 7.8.
In isolated RCs, 0.03 LDAO.
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ketocholestanol are presented in Fig. 3. All kinetics have been analysed
in three time windows, 2, 5 and 10 ms. We present here the kinetics
recorded over a window of 10 ms and in insert, the 2 ms window. As
displayed, the decay kinetics are nearly the same in isolated RCs and in
phosphatidylcholine proteoliposomes (PCPL) but notably slowed
down in the presence of cholesterol and 6-ketocholestanol. This is
not observed in the presence of 5-cholesten-3β-ol-7-one or phloretin.
The effects of the presence of dipole potential modiﬁers on τAB(1) are
summarized in Table 1. In isolated RCs we measure two lifetimes of
τfast(1)=85±10 μs and τslow(1)=450±50 μs, with the fast phase
largely dominating (Afast ∼80%) at pH 8. The situation is not
signiﬁcantly changed when RCs are embedded in PCPL. Both phases
are still observed, although slightly lengthened, τfast(1)=87±10 μs
and τslow(1)=660±50 μs, the fast phase being still dominant
(∼63%). Interestingly, in the presence of cholesterol the two phases
are markedly slowed down to 350±20 μs and 2.4±0.2 ms, the slow
phase being dominant (∼70%). This slowing down effect is even more
pronounced in the presence of 6-ketocholestanol where τfast(1)=
490±50 μs and τslow(1)=4.4±0.5 ms with the slow phase
accounting for ∼60% of the total amplitude. In contrast, in the
presence of phloretin and 5-cholesten-3β-ol-7-one, much faster
quasi-exponential decays are observed with respective lifetimes of
213±20 and 434±50 μs.
We have also determined the activation free energies (ΔG‡) for
the ﬁrst electron transfer process by measuring the temperature
dependencies of the fast and the slow rate constants in the range 3–
35 °C. The Eyring plots are presented in Fig. 4 and the derived
thermodynamic parameters are displayed in Table 2. Two main
trends conﬁrming the sequence of the rate constants described
above can be observed in these data. First, when two components
are present in the kAB(1) kinetics, the slow components system-
atically display a markedly higher ΔG‡ value. Secondly, the overall
ΔG‡ values follow the kAB(1) kinetics such that slower ET kinetics
correspond to a higher ΔG‡. This is observed, for example, by
comparing the ΔG‡ values for kAB(1)slow. For PCPL+cholesterol or 6-
ketocholestanol samples, which display very slow τslow values (2.4
and 4.4 ms, respectively), the ΔG‡ values are signiﬁcantly higher, i.e.,
58.92 and 58.12 kJ/mol than for the other samples (for example,
ΔG‡ ∼53.31 kJ/mol in PCPL).
In order to further understand the effect of the cholesterol
derivatives on the gating process limiting kAB(1) in native RCs, we
have measured in parallel the pH dependencies of the decay
kinetics of the two phases associated with kAB(1) and with theﬁrst ﬂash proton transfer (uptake) kinetics (kH+). These measure-
ments were only done on isolated RCs because the amplitudes
associated with proton uptake in PCPL were too small to be reliably
measured with the pH-sensitive dyes. The pH dependencies of the
Fig. 5. pH titrations of the rates (A) and relative amplitudes (B) of the electron and
proton transfer kinetics for the fast and slow phases measured at the ﬁrst ﬂash in the
WT RCs. In (A) and (B) open symbols stand for ET and closed symbols for proton
transfer process. The vertical lines represent the error bar. In (A) and (B), circles are
associated with the fast phases and squares, with the slow phases. For ET, circles and
squares correspond to measurements achieved at 750 nm, whereas open triangles and
diamonds correspond to measurements realized at 460 nm, directly in the quinone
absorbance change bands. The electron and proton transfer rates were respectively
measured at 750 nm (or 460 nm) and 586 nm. Conditions: (A), [RC] ∼1 μM, 10 mM
buffer (see Material and methods), 100 mM NaCl, 0.03% Triton X-100; (B), [RC] ∼2 μM,
100 mM NaCl, 0.03% Triton X-100, 20 μM bromocresol purple, o-cresol red or o-cresol-
phthaleine depending on the pH (see Material and methods).
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in panels A and B, respectively, for the rates and amplitudes. Most
of the ET data were obtained at 750 nm. However since at this
wavelength the signal probes changes in the electric ﬁeld due not
only to electron transfer, but, in principle, also to proton move-
ments, we have also measured some points at 460 nm directly in
the semiquinone absorbance change bands. As observed in Fig. 5,
both data agree.
We report here for the ﬁrst time that at the ﬁrst ﬂash, kH+ also
displays biphasicity and that the two associated phases very closely
match those measured for kAB(1). This is true for the pH dependencies
both of the rates and the relative amplitudes. Indeed, kAB(1) and kH+ for
the fast phases remain constant over the whole pH range investigated
(7.5–10.3) and their values are very close: kAB(1)fast=11,350±1000 s−1
and kH+fast=14,700±1500 s−1, at pH 8.1. In contrast, the slow
components slow down with pH, with however some differences
between pH 8 and 10, where the kAB(1)slow values are slightly higher
than the corresponding kH+slow values. Indeed, at pH 9, kAB
(1)slow=2000±200 s−1 and kH+slow=700±150 s−1. These differ-
ences are, however, small compared to the net distinction between fast
and slow components. The pH dependencies of the relative amplitudes
(Fig. 5B) associatedwith the fast andslowcomponents agree remarkably
well for the ET and proton transfer processes. This analysis stronglysuggests an intimate coupling of the respective fast and slow phases of
the ﬁrst electron transfer and the proton uptake (from the water bulk
phase) kinetics at theﬁrstﬂash. Indeed, it is likely that the gatingprocess
limiting kAB(1) in RCs is proton transfer/entry from the bulk and the
rearrangement of protons in the cytoplasmic domain of the protein.
These ﬁndings are consistent with and broaden previous studies
achieved by Remy and Gerwert [47].
Therefore, the effects on electron transfer kinetics due to the
different molecules affecting the local electric ﬁeld strength should be
considered within the context of proton entry, perpendicular to the
membrane.
3.3. P+QA
− and P+QB
− charge recombination processes
We have measured the rate constants of the P+QA− and P+QB−
charge recombination kinetics (kAP and kBP, respectively) at 430 nm, in
PCPL in the absence and presence of cholesterol, its derivatives and
phloretin and for comparison in isolated RCs.
Since these data are quite easy to obtain, we only present in Table 3
the obtained values of the P+QA− and P+QB− charge recombination
lifetimes (τAP and τBP, respectively). As previously reported for RCs in
detergent, the P+QA− and P+QB− charge recombination decays (τAP
∼100 ms and τBP ∼1 s) are exponential. This is also veriﬁed in PCPL
[48]. A slight lengthening of τBP is however observed in PCPL (1.6 s) as
compared to the RCs in detergent. However, the main effect observed
here is the induced biphasicity of both the P+QA− and P+QB− decay
kinetics in the presence of the four ψd modiﬁers, with the exception of
the P+QB− decay for 5-cholesten-3β-ol-7-one. Indeed, as shown in
Table 3, even while the average lifetime is not much affected for the
P+QA− nor for the P+QB− recombination processes, these decays are
essentially biphasic with lifetimes of the fast and the slow
components being split by a factor of at least 2. It must be noted
that we have also measured these decays as a function of
temperature (about 10 different temperatures per process, P+QA−
or P+QB−) in the range 8–30 °C and remarkably the decomposition of
the two phases does not vary. In other words, not only the biphasicity
is observed at all temperatures, but the amplitudes of the two phases
(both for P+QA− and P+QB−) remain nearly the same.
If the possibility of a biphasic decay of the P+QB− charge
recombination has previously been suggested [49], it is the ﬁrst time
that the P+QA− charge recombination kinetics are reported to display
biphasicity in WT RCs from R. sphaeroides at room temperature.
3.4. P+QA
− charge recombination in the presence of an anthraquinone
acting as QA
3.4.1. The kinetics
In order to probe the effect of ψd modulation of the local electric
ﬁeld strength on a different redox process and the region of the
membrane where it takes place, we have replaced the native QA by an
anthraquinone and measured the P+AQ− charge recombination
kinetics at 430 nm. It has been shown that the AQ binds in a
superimposed way as the native QA, therefore allowing reliable
energetic/structural interpretations of the data related to UQ to AQ
replaced-RCs [50]. As mentioned above, the P+AQ− charge recombi-
nation repopulates the P+H− state, involving the bacteriopheophytin
situated at about mid-membrane. As previously reported for R.
sphaeroides RCs containing low potential quinones acting as QA, the
P+AQ− charge recombination kinetics are biphasic [19]. The decay
kinetics values are presented in Table 4. We have added a column
taking into account the average decay lifetime to help in the
observation of the data. In the isolated RCs, we ﬁnd two lifetimes of
3 (40%) and 9 ms (60%), in good agreement with what has been
previously reported [19]. When the average lifetime is considered
(6.6 ms) it also agrees with previous results, not taking into account
the biphasicity of the decays [51,52]. In PCPL the average lifetime of
Table 3
Lifetime decays and associated amplitudes of the P+QA− and P+QB− charge recombination processes in RCs isolated in detergent and in PCPL with the different cholesterol derivatives,
measured at 430 nm, 20 °C in 10 mM Tris–HCl, pH 8.0, 0.1% LDAO.
P+QA− P+QB−
Phases Decay lifetimes Relative amplitudes (±5%) Decay lifetimes Relative amplitudes (±5%) Effect on ψd [36]
Isolated RCs 100±5 ms 100% 1.1±0.1 s 100%
PCPL 100±5 ms 100% 1.6±0.1 s 100% 415 mV
PCPL+cholesterol Fast 43±5 ms 45% 0.83±0.1 s 70% Increase
Slow 100±10 ms 55% 1.25±0.1 s 301%
PCPL+phloretin Fast 73±15 ms 40% 0.83± 0.20 s 62% Decrease
Slow 170±15 ms 60% 2.3±0.2 s 38%
PCPL+6-ketocholestanol Fast 86±15 ms 20% 0.82±0.20 s 50% Increase
Slow 237± 10 ms 80% 1.45±0.2 s 50%
PCPL+5-cholesten-3β-ol-7-one Fast 75±5 ms 40% 1.05± 0.1 ms 100% Decrease
Slow 120± 10 ms 60%
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lengthening of the slow component (27 ms, 50%). Interestingly, all
the ψd modiﬁers accelerate the average kinetics by a factor of 4–8
depending on the effector. As shown in Table 4, this effect is very
pronounced in the presence of cholesterol and 6-ketocholestanol
(τav=2.2 and 2 ms, respectively) and also signiﬁcant in the presence
of phloretin and 5-cholesten-3β-ol-7-one (τav=3.8 and 3.6 ms,
respectively). This effect is mainly due to both an acceleration of the
fast phase and a displacement of the equilibrium towards this phase.
In fact in all samples containing ψd modiﬁers, the fast phase becomes
largely dominant (∼80%) (Fig. 6). Again, the main effects are observed
upon addition of cholesterol and 6-ketocholestanol (Table 4) where
the fast phase is accelerated to 1 ms. This effect is less pronounced in
the presence of phloretin and 5-cholesten-3β-ol-7-one, where the fast
phase kinetics remain nearly unchanged and the slow phase is
accelerated by a factor of 2 as compared to PCPL.
3.4.2. The thermodynamic parameters
The temperature dependencies (3–30 °C) of these kinetics have
also been measured. As a conﬁrmation of the above statement, a
strong modulation of the ratio of both phases (with respective relative
amplitudes Aslow and Afast), induced by the presence of ψd modiﬁers is
observed and the patterns of the temperature dependence of Aslow
and Afast are very similar in all samples containing ψd modiﬁers and
quite different from that observed in PCPL alone (Fig. 6).Table 4
Decay lifetimes and associated phase amplitudes of the P+AQ− charge recombination proc
Phases Decay lifetimes (±0.2 ms) R
Isolated RCs Fast 3 4
Slow 9 6
PCPL Fast 2 5
Slow 27 5
PCPL+cholesterol Fast 1 8
Slow 7 2
PCPL+phloretin Fast 2 8
Slow 11 2
PCPL+6-ketocholestanol Fast 1 8
Slow 6 2
PCPL+5-cholesten-3β-ol-7-one Fast 1.5 8
Slow 12 2
pH 7.8, T=20 °C.Arrhenius plots of the fast and slow rates of charge recombination
from the P+AQ− state have been drawn (Fig. 7). For each phase we
used the same equation as in previous work [19,21,22].
k = kd exp − ΔG
B
M = kBT
 
+ kdirect ð1Þ
where kd is the rate constant of the P+H− decay to the ground state
and kB the Boltzmann constant. ΔG°M represents the free energy
difference between P+QA− and M, a relaxed state of P+H−, the
stabilization of which occurs in the ns time range [52–54]. Following
previous work, kd was taken here as 2·107 s−1 [19,21,22,45]. kdirect is
the value of the rate constant of P+QA− recombination directly to the
ground state. It has previously been measured to be 10 s−1 [24].
The thermodynamic parameters derived from these plots are
presented in Table 5. The faster rates of P+AQ− recombination in the
samples containing cholesterol and 6-ketocholestanol are logically
reﬂected in smaller ΔG°M values (smaller energy gap between the
P+AQA− and M states), especially for the slow components. Indeed,
the presence of cholesterol and 6-ketocholestanol decreases ΔG°M
by ∼30 meV compared to the PCPL sample. This effect is less
noticeable for the fast component states, for which ΔG°M is reduced
by ∼5 and ∼10 meV, respectively. The effect of reducing ΔG°M is less
pronounced in samples containing phloretin and 5-cholesten-3β-
ol-7-one. In those cases, the slow conformational states experience
a decrease of ΔG°M by 18 and 13 meV, respectively.ess measured at 430 nm.
elative amplitudes (±5%) Average decay lifetime[35] Effect on ψd [35]
0% 6.6
0%
0% 14.5 300 mV
0%
0% 2.2 Increase
0%
0% 3.8 Decrease
0%
0% 2 Increase
0%
0% 3.6 Decrease
0%
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We have studied here the inﬂuence of cholesterol derivative
molecules on the charge transfer states, i.e., the functioning of the
bacterial RC proteins. With this aim we have introduced choles-
terol, 6-ketocholestanol, phloretin and 5-cholesten-3β-ol-7-one
molecules in phosphatidylcholine proteoliposomes. It must be
noted that while cholesterol per se is found only in animal cell
membranes, bacterial membranes do contain sterol-like lipids
(hopanoids as diploptene) which could potentially change the
dipole potential of the membranes [55]. It has previously been
shown that the magnitude of the ψd in phospholipid bilayers can
be modulated by different cholesterol effectors due to their
different dipole magnitudes as well as their orientations with
respect to the membrane plane [35]. We took advantage in the
present work of these properties to study the possible inﬂuence of
the local electric ﬁeld on RC functioning, especially its different
electron transfer reactions.
Electron microscopy images (Fig. 2) suggest that the presence of
cholesterol derivatives, at least at 20% of the total lipid concentration,
does not modify the RC random distribution in the proteoliposomes.
No segregation of proteins could be observed similar to that
previously described in DMPC or DEPC proteoliposomes (freeze-
fractured electron microscopy experiments) when frozen below their
transition temperatures (23 and 9 °C, respectively) [23,48]. Under
those conditions, the ﬁrst ET and charge recombination processes
were also examined, but did not display the effects observed here, i.e.,
slowing down the ET process or biphasic decays of the chargeFig. 6. Temperature dependencies of the amplitudes of the fast and slow phases
associated with the P+AQA− charge recombination process measured at 430 nm. Open
squares stand for the fast phase and closed squares for the slow phase. The vertical lines
represent the error bar. Same conditions as in Fig. 4.
Fig. 7. Arrhenius plots of the two kinetic phases associated with the P+AQA− charge
recombination process measured at 430 nm. The thermodynamic parameters derived
from these plots are presented in Table 5.recombination processes. Therefore, in the present work, the
inﬂuence of the ψd modiﬁers on protein–protein interactions, if any,
is probably indirect and can most likely be neglected for the
interpretation of the data.Table 5
Thermodynamic parameters (derived from the Arrhenius plots (Fig. 7) and using
Eq. (1)) of P+AQ− recombination of RCs reconstituted in PCPL with the different
cholesterol derivatives, measured at 430 nm, 20 °C at pH 8.0.
Type of samples ΔH°
(eV)
−TΔS°
(eV)
ΔG°
(eV) (±0.005)
RCs Fast 0.306 0.048 0.258
Slow 0.362 0.064 0.299
PCPL Fast 0.291 0.034 0.257
Slow 0.181 −0.144 0.325
PCPL+cholesterol Fast 0.373 0.122 0.251
Slow 0.326 0.030 0.296
PCPL+phloretin Fast 0.385 0.122 0.263
Slow 0.125 −0.188 0.312
PCPL+6-ketocholestanol Fast 0.417 0.172 0.245
Slow 0.256 −0.039 0.295
PCPL+5-cholesten-3β-ol-7-one Fast 0.376 0.124 0.252
Slow 0.229 −0.078 0.307
Data are given in eV for comparison with previously published values.
Fig. 8. Scheme taking into account the effect of electric ﬁeld modiﬁers into the equilibrium
between the twoconformational states of theRCsas revealedby the biphasicityof theP+QA−
charge recombination. In PCPL (and isolated RCs), the P+QA− charge recombination kinetics
are exponential in theWT RCs from R. sphaeroides. However, in PCPL upon addition of the 4
electric ﬁeld modiﬁers used in the present study, the kinetics show biphasicity in a similar
way as isolated RCs at low temperature or when the P+QA− recombination is fast as in WT
RCs from B. viridis or in WT R. sphaeroideswhen the native QA is replaced by AQ. Since the
kinetics of charge recombination are notmodiﬁed by thepresence of electricﬁeldmodiﬁers
we propose that they slow down the equilibrium between the P+QA−fast and P+QA−slow
conformation, therefore allowing a decoupling of both phases and their distinct observation
through their different decay lifetimes.
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Two different effects of the ψd modiﬁers could be observed on the
QA−→QB electron transfer parameters. In the presence of cholesterol
and 6-ketocholestanol a modiﬁcation of the biphasicity pattern
associated with this process (the slow phases becoming dominant)
and a marked lengthening of the electron transfer are measured. In
contrast, in the presence of 5-cholesten-3β-ol-7-one and phloretin,
the decays are nearly exponential and the rates are not decreased
compared to the RC imbedded in PCPL membranes or even RCs
isolated in detergent. Interestingly, 6-ketocholestanol and cholesterol
display the biggest increasing effects on ψd whereas 5-cholesten-3β-
ol-7-one and the phloretin reduce ψd.
The QA−→QB electron transfer process and the associated two
kinetic phases have been extensively studied [1,3,4,56].
In particular, it has been proposed that this process is not a “pure”
electron transfer but rather gated (rate-limited) by “conformational
changes” that may include protonation events, protein and hydrogen
bond networks (including waters) rearrangements or even a quinone
movement between two positions, although this latter hypothesis has
recently been ruled out [17,58]. The two phases have rather been
attributed todifferentprocesses, the fast one (∼80 μs) to electron transfer
per se, and the longer one (∼300–500 μs) more to protonation events.
By analyzing in parallel the pH dependence of the electron and
proton transfer kinetics and their respective amplitudes at the ﬁrst
ﬂash (Fig. 5A and B), we have shown that it is likely that these events
are strongly coupled. It has recently been proposed that protons are
taken up after the ﬁrst ﬂash in a very delocalised way all over the
cytoplasmic face of the protein [16,17]. It is likely that the spreading of
the protons and the establishment of a favorable conﬁguration for their
distribution over the hydrogen bond network is required for ET to
proceed. This is also supported by theoretical calculations which have
shown that upon formation of QA− or QB−, structural waters (and
associated hydrogen bond networks) on the cytoplasmic side of the RC
change their orientation/occupation [57,59–63]. We, therefore, sug-
gest that the limiting/gating step for the QA−→QB ET process is the
associated proton uptake and rearrangements on the cytoplasmic side
of the protein.
Therefore, our interpretation of the effects of cholesterol deriva-
tives on theQA−→QB ET has to take this coupling into account.When 6-
ketocholestanol or cholesterol is added their strong positive effects on
the local electric ﬁeld strengthwithin themembranemay increase the
energy barrier for protons to penetrate to the cytoplasmic side of
the RC, perpendicular to the membrane. Indeed, a notable increase in
the activation free energy barrier for the ET process in the presence of
the above two molecules is observed (Table 2). In other words, the
effects of 6-ketocholestanol and cholesterol on the rates of ET reﬂect a
slowing down and increased difﬁculty for protons (whose transfer is
coupled to that of the electrons) to penetrate the protein. The
signiﬁcant increase in the amplitude of the slow phase in both samples
reﬂects the greater importance of the proton phase vs. the ET itself.
In samples containing 5-cholesten-3β-ol-7-one and phloretin, due
to their decreasing effect on the intramembrane electric ﬁeld strength,
the measured rates for the QA−→QB electron transfer process are nearly
unchanged as compared to the PCPL samples. The absence of
biphasicity (or absence of the slow phase) may reﬂect an equilibrium
of the two phases strongly displaced towards electron transfer phases. It
is important to note that neither the inversion of the two phases nor the
signiﬁcant slowing down of the ﬁrst ET process have been reported in
thework of Taly et al. [48]when investigated below the phase transition
temperature of DMPC. However, in that case electron microscopy
clearly indicated that protein–protein interactions were dominant.
The present effects are, therefore, likely to be due to the presence
of the ψd modiﬁers.
It is quite difﬁcult to give a deﬁnitive interpretation, but our data
strongly suggest that the strength of the local electric ﬁeld doesinﬂuence proton-coupled ET processes by modulating the free energy
barrier for proton transfer. Further experiments, in particular analyz-
ing mutants modiﬁed in their proton transfer capabilities, and/or H
bond distribution would help in a more deﬁnitive conclusion of the
strong effects of cholesterol and 6-ketocholestanol on the QA− to QB
electron transfer process.
Onemayunderline the fact that if protonuptakeand rearrangement
is the gating (rate-limiting) event for QA− to QB ET, then it would be
expected that derivatives which decrease the dipole potential would
accelerate the electron transfer. To take into account this apparent
contradiction, one should then consider thatwhen the dipole potential
is reduced then the lower limit rate (proton uptake) is reached and
cannot be smaller and thus becomes insensitive to local electric ﬁeld.
4.2. Effects of the ψd modiﬁers on the P+AQ− decay kinetics
In contrast to theobserved slowingdownof theQA−→QBﬁrst electron
transfer decay kinetics when 6-ketocholestanol and cholesterol are
present, theP+AQ−→PAQcharge recombinationdecays are signiﬁcantly
accelerated. This effect is also observed in the presence of 5-cholesten-
3β-ol-7-one and phloretin, although less pronounced. In all cases the fast
and slow phase kinetics are accelerated with respect to PCPL alone, but
the main effect is the displacement of the equilibrium towards the fast
conformation in the presence ofψdmodiﬁers.When comparing the rates
of the ﬁrst electron transfer process to the P+AQ−→PAQ charge
recombination process, in liposomes with and without ψd modiﬁers we
can classify the effects as follows:
First electron transfer rate constants:
PCPLN5-cholesten-3β-ol-7-one and phloretinN6-ketocholestanol
and cholesterol
P+AQ−→PAQ charge recombination rate constants:
PCPLb5-cholesten-3β-ol-7-one and phloretinb6-ketocholestanol
and cholesterol
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strengthdue to the presence of theψdmodiﬁers slows down the entry of
protons into the RCs perpendicular to themembrane due to an increase
of the free energy barrier for this process. Since the electron staying on
AQ goes back to H and then to P+ to achieve the P+AQ−→PAQ process,
and since this process also takesplace perpendicular to themembrane, it
is consistent for the same changes of the local electric ﬁeld strength to
have an opposite effect on theQA−→QB electron transfer (andH+ entry)
and on the electron transfer back to P+ from AQ− (or similarly the
energy level of P+AQ− would be increased by an increase of the local
electric ﬁeld strength, as demonstrated by the smaller ΔG°M values in
the presence of the ψd modiﬁers (Table 5)).
Both effects observed on the QA−→QB ﬁrst proton-coupled electron
transfer reaction and on the P+AQ−→PAQ recombination process
would, therefore, be expected to be modulated oppositely by the local
electric ﬁeld strength. This is consistent with the local electric
ﬁeld inﬂuencing charge transfer reactions across the entire mem-
brane. However, this does not account for the slight acceleration of the
P+AQA− charge recombination process observed when ψd modiﬁers
lower the local electric ﬁeld strength.
4.3. Effect of the ψd modiﬁers on the equilibrium between two
populations of RCs
The presence of two RC conformations evidenced by the presence
of biphasic decay kinetics of the P+QA−→PQA charge recombinations
in the WT RC from B. viridis [21] or of the P+QA−→PQA when QA is a
low potential quinone such as anthraquinone in WT RC from Rb.
sphaeroides [19] have been previously proposed. The exact nature ofFig. 9.Hypothesis of the notable slowing down of the ﬁrst ET kinetics in the PCPL+cholestero
arrows indicating entry points for protons respectively refer to the recently proposed externa
[17] and from previous structure determination [67]: from left to the right (1st arrow) Ar
postulated on the basis of results presented in Fig. 5, the protons are slowed down (highe
resulting into similar slowed down kinetics of the measured ﬁrst proton-coupled ET procesthis putative equilibrium is still unknown. Amongst the proposed
hypotheses one is the pre-existence in the dark of two conformational
(protonation?) states of the RC which equilibrate slowly. In the case of
“fast” recombination, e.g. P+QA−→PQA in B. viridis RC (1–2 ms) or in
Rb. sphaeroides RC when the native QA is replaced by a low potential
quinone, this equilibrium can no longer establish itself, revealing a
biphasic decay reﬂecting the presence of both states. This hypothesis
is described in Fig. 8.
It has been demonstrated that pH, ionic strength, the membrane
rigidity and temperature do modulate this equilibrium [20,23,24,64,65].
The presence of two phases has never been reported, neither for the
P+QB−→PQB, nor for the P+QA−→PQA charge recombination at room
temperature in WT R. sphaeroides RC with the native quinone (UQ10)
acting as QA. Here for the ﬁrst time we report that it is possible to
modulate the equilibrium time between both phases by changing the
local intramembrane electric ﬁeld strength. Indeed, in PCPL containing
R. sphaeroides RCs, both the P+QA−→PQA and the P+QB−→PQB display
exponential decays as in RCs isolated in detergent. In contrast,
biphasicity of the two types of decays are observed in the presence of
ψd modiﬁers (except for the P+QB−→PQB decay in the presence of 5-
cholesten-3β-ol-7-one).
One also has to note here that in thework of Taly et al. [48] in DMPC
liposomes below the phase transition, the P+QA− and P+QB− charge
recombination processes occurred via exponential decays. Again, this
suggests that effects observed here in the presence of ψd modiﬁers on
the biphasicity of the charge recombination are speciﬁcally induced by
these molecules and not by indirect protein–protein interactions.
The ﬁnding here that two RC states associated with two respective
phases of the P+QA− and P+QB− charge recombinations [20] arel or 6-ketocholestanol as compared to PCPL in the absence of these molecules. The three
l residues involved on the basis of the 1.87 Å 3D resolution structure of R. sphaeroides RCs
gM13; (2nd arrow) AspH124, HisH126, HisH128; (3rd arrow) ArgH118, AspM240. As
r free energy barriers, Table 2) by the presence of cholesterol and 6-ketocholestanol,
s.
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consistent with the above hypothesis of the local intramembrane
electric ﬁeld strength affecting theway that protons penetrate into the
protein. A slowing down and/or an increased energy barrier for
protons to reach their sites may affect the equilibrium between two
conformational states of the RCs (Fig. 8), which were proposed to be
associated with different proton conformations. More experiments,
using the same cholesterol samples, and varying the pH, ionic strength
and membrane rigidity would help to further characterize these
effects and states.
4.4. How do the cholesterol and derivatives (at 20% concentration) affect
function of RC
Cholesterol and derivatives are known to affect the stiffness/
dynamics of membranes. In our case, that could also be the case at 20%
concentration. However, we do not think that the electron/proton
transfer modiﬁcations that we observe here are mainly due to this
effect. Indeed, we saw here effects on the kinetics which are correlated
with the effects of cholesterol analogues on the dipole potential. If the
main effect of these molecules was on the membrane ﬂuidity, thenwe
would have to assume that the direction of the effects of these
compounds on the membrane ﬂuidity is the same as on the dipole
potential. This is not very likely, especially since we expect cholesterol
derivative to insert in the membrane with the same orientation and
have similar effects on membrane ﬂuidity.
It is therefore more likely that the molecules that we have inserted
in the PCPL modify the RC charge transfer events through their action
on the potential.
Two observations suggest in fact that the molecules of cholesterol,
its derivatives and phloretin that we have introduced in the PCPL
membranes are likely to inﬂuence the local electric ﬁeld experienced
by the RCs but not directly the ψd present in the lipid membrane.
Indeed it has been shown that, in contrast to DMPC liposomes, in
DOPC or in egg yolk PC liposomes the different cholesterol derivatives
used in the present work only very weakly affect ψd [35]. Secondly, ψd
has already a very substantial value (∼300 mV) in PCPL, even in the
absence of cholesterol. However, we do not observe any slowing down
of the ﬁrst ET kinetics, nor any biphasicity of the charge recombination
(these parameters remaining essentially unchanged) in PLPC as com-
pared to the isolated RCs in detergent.
It is also worth noting that the RCs per se will not affect the
membrane potential since the dielectric constant within the RCs is
nearly the same as within the lipid phase (∼4) [57,66].
We therefore suggest that the observed effects in this work are less
likely to be due to a strong effect of the cholesterol derivatives on ψd of
the entire membrane but more likely to a concentration effect of these
molecules in the vicinity of the RC proteins (Fig. 9). These molecules
are likely to develop nonspeciﬁc contacts with the nonpolar external
side of the protein which is embedded in the membrane. We propose
that the very notable effects on ET and biphasicities arise from a
concentration of the dipoles of these molecules around the RCs. This is
accounted for in Fig. 9. Interestingly, the sequence of effects due to the
different cholesterol-likemolecules is conserved as regard towhat has
been reported for DMPC liposomes on ψd. It is therefore an
ampliﬁcation of the local electric ﬁeld revealed at the level of ψd that
we detect here. This is therefore a nice way of modulating the local
electric ﬁeld around a membrane protein and to track the con-
sequences on their activities.
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